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Abstract

:

Drought stress has been shown to have harmful effects on crop productivity worldwide, including in Pakistan, due to rapid climate change scenarios. Extensive work has been reported on the influential role of melatonin (MEL) in either foliar or seed-primed applications; however, its role in root application is seldom reported. We investigated plant biochemical responses, including anti-oxidants, plant pigments, leaf water characteristics, and maize crop production, with MEL treatment under mild and severe drought stress. Maize Cvar. Jalal was subjected to drought stress (60% and 80% of full irrigation) at the four-leaf stage, and MEL was applied as pretreatment with irrigation water at different doses (0, 100, and 200µM). The findings of the study revealed that the Chl a, b, and a + b contents and the carotenoid content significantly increased with MEL application during severe and mild drought stress. After applying 200 µM MEL, leaf water attributes, comprising relative water content (RWC), leaf water content (LWC), and relative saturation deficit (RSD), increased by 1.9%, 100%, and 71.2%, respectively, during mild drought and 17%, 133%, and 32% under severe drought. The anti-oxidant activities of POD, CAT, and APX were remarkably enhanced with MEL during drought stress. Our results showed that root application of 200 µM melatonin boosted seed yield and water productivity by 31% and 38%, and plant biomass increased by 32% and 29% under mild and severe drought stressors compared to plants with no MEL, leading to increased drought tolerance.
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1. Introduction


Drought is one of the main abiotic hazards responsible for reducing crop growth and productivity across the globe [1,2,3]. It results in the disturbance of various internal plant processes in morphological, physiological, and anatomical reactions [2,4]. Drought stress can increase the senescence rate of chlorophyll content, leading to a decline in photosynthesis and productivity and dwarf canopies [3,5,6]. It also results in the increased production of reactive oxygen species (ROS) [7], leading to damage to cell membranes, protein content, and enzymatic reactions [2,8]. Plants have evolved multiple strategies to avoid and reduce the damaging effects of oxidative damage caused by these reactive oxygen species. The essential components include anti-oxidants in the enzymatic defense system and non-enzymatic reactions that can efficiently balance the overproduction of ROS to maintain homeostasis [9,10]. The anti-oxidant activities involve ascorbate peroxidase, catalase, and peroxidase, as well as non-enzymatic anti-oxidants, including glutathione, ascorbate, and polyphenols [3,11]. Moreover, the accumulation of osmolytes, including soluble protein and proline content, also alleviates abiotic stress [12]; however, extended drought stress causes cell damage and death [13]. The application of plant growth regulators (PGRs) can be used as one of the essential strategies to induce tolerance and improve crop productivity during drought stress [2,6,14].



Melatonin was first identified in animals, in the pineal gland, and in crop plants under stress conditions. MEL is considered vital for numerous processes in plants and animals, including seasonal imitation, the activities of anti-oxidant enzymes, and growth [5,15]. The vital role of MEL in improving tolerance against plant stress is not yet fully understood; additionally, plant stress is not yet fully understood. However, MEL is associated with improved plant growth and tolerance against abiotic stress in various crops under control conditions [16,17]. MEL can result in stomata regulation and increase the rate of photosynthesis and transpiration, the uptake of minerals, and the accumulation of secondary metabolites, including organic acids, phenols, and plant hormones. This can lead to a balance of ROS production and the regulation of anti-oxidants in the plant defense system [18]. Moreover, the role of MEL both as a growth regulator and anti-oxidants are yet debatable [18,19]. The compatible solute (proline and sugar) content substantially enhanced under drought stress, resulting in changes in biochemical activities in different plants [20,21].



It has also been reported that MEL promotes root growth and seed germination and increases photosynthetic rates in many crop plants [16,22]. Moreover, MEL has been shown to balance ROS production via a cascade reaction and improve anti-oxidant activities [23,24] in Arabidopsis thaliana during endoplasmic reticulum stress [25] responses pertaining to the function of melatonin in abiotic stress. Additionally, the interaction between melatonin and ROS results in the creation of a number of spin-off chemicals in a cascade reaction, all of which have strong antioxidant properties [15,18,19]. The information on how MEL moderates physiological and biochemical variations in maize crops under drought stress conditions is unclear; furthermore, the available literature regarding the exact dose of MEL for its solicitation method in maize crops is limited, which permits in-depth experimentation.



Research has investigated MEL’s role in alleviating drought stress using exogenous MEL application with irrigation water and investigated whether MEL uptake through roots can enhance the growth of maize plants and induce tolerance against drought stress. In the current study, we determine the positive influence of pretreatment with MEL on the growth and physio-biochemical traits of maize under mild and severe drought stresses. We found substantial changes in plant growth, antioxidant activity, and plant chlorophyll accumulation with MEL-root application during drought stress.




2. Materials and Methods


2.1. Plant Materials


The experiment was performed from March–July 2020 at a greenhouse in Batkhela (Malak District, Khyber Pakhtunkhwa, Pakistan). The experiment was carried out in pots. Healthy maize seeds (Zea mays L., cultivar Jalal) purchased from Cereal Crops Research Institute (CCRI) (Nowshehra, Pakistan) were first disinfected with sodium hypochlorite solution for 15 min. They were then washed twice with distilled water and dried in open air for one hour. Each plastic pot had a diameter of 28 cm and a height of 30.48 cm, and each was filled with garden soil. Ten maize seeds were planted in each pot. The soil was applied in a 2:1 mixture of topsoil from a garden and compost. The plants in each pot were reduced to six after germination. Urea and singe superphosphate (SSP) were used as basal doses of N and P205, and 150 kg ha−1 and 120 kg ha−1 were applied to each pot, respectively. SSP was mixed with soil during pot filling, and urea was applied in three splits from the sowing to the pre-tasseling stage.




2.2. Experimental Treatments


The pots were set in a completely randomized design with three replications, placed in a glass shed under natural light conditions, and protected from rainfall. For the first 20 days after planting, the level of moisture in the soil in each container was kept at 100% of field capacity (FC). MEL was applied as pretreatment via root irrigation at the four-leaves stage, at a rate of 0, 100, and 200 µM in the respective pots. The pots were exposed to drought stress with irrigation levels of 100% (no stress), 80% (mild drought stress), and 60% FC (severe drought stress). All measurements and sampling were carried out at 55 days after sowing (DAS) for the data collection of plant pigments, leaf water traits, anti-oxidant activity, growth, and yield traits of the maize.




2.3. Sampling and Measurement


2.3.1. Determination of Plant Leaf Water Relations


Leaf water traits include relative water content (RWC), leaf water content (LWC), water uptake capacity (WUC), and relative saturation deficit (RSD). Relative water content (RWC) was determined using the method of Turk [26]. After the sample was harvested, an instantaneous measurement was taken to determine the fresh weight (FW) of the seventh leaf. After that, the turgid weight (TW) of the leaf segments was determined by soaking them overnight in distilled water. The leaf samples were dried in an oven at 105 °C. The relative water content (RWC) was determined using Equation (1).


RWC = [(FW − DW)/(TW − DW)] × 100



(1)







The water uptake capacity (WUC) and relative saturation deficit (RSD) were determined using Equations (2) and (3), in which [1] TW represents turgid weight, FW- represents fresh weight, and DW is the dry weight of the maize leaf. The leaf water content was calculated using Equation (4).


WUC = (TW-FW)/DW



(2)






RSD = [(TW – FW)/TW] × 100



(3)






LWC = (TW – DW) ×100



(4)








2.3.2. Chlorophyll and Carotenoids Determination


The chlorophyll a, b, and a + b concentrations and the carotenoid concentrations were determined using the method of Arnon [27]. A fresh leaf weight of 0.25 g samples was taken from all treatments and kept in 10 mL test tubes, and 5 mL of 80% acetone solution was added to each tube, and they were kept in the dark for 48 h. The absorbance of the supernatant was measured at 645, 663, and 440 nm to determine the concentrations of chlorophyll a, b, a + b, and carotenoid, respectively, using a UV spectrophotometer.




2.3.3. Determination of Anti-Oxidant Enzyme Activity


A fresh leaf sample of 0.05 g was taken from each pot and standardized in 5 mL of precooled phosphate buffer (pH 7.6), containing 1 mM EDTA and 4% (w/v) PVP, and incubated at 4 °C for 10 min to determine the activity of anti-oxidant enzymes. The homogenates were incubated and centrifuged (12,000 g) for 15 min at 4 °C, and the supernatants were used for the subsequent enzyme estimates. The activity of the enzymes was expressed as U g−1 FW according to [28]. The ascorbate peroxidase (APX) activity was determined using the method described in [29], while catalase (CAT) activity was measured using the assay in [30].




2.3.4. Proline Measurement


Proline content was assessed using the method described by [31]. Fresh samples of 0.5 g were homogenized in 10 mL of 3% sulfosalicylic acid and centrifuged at 10,000× g for 15 min. The homogenized samples (2 mL of extract) were treated with 4 mL of toluene, 2 mL of acid ninhydrin, and 2 mL of glacial acetic acid. The sample were measured at 520 nm using a UV spectrophotometer, and toluene was used as a blank.




2.3.5. Plant Growth Attributes


Plants were harvested from each pot, and the plant parts were separated, including the roots, shoots, and leaves, and their fresh biomass was determined using a sensitive electronic balance. Data on stem diameter was determined with the help of a digital vernier caliper, whereas plant height was taken using a measuring tape. The samples of roots, stems, and leaves were oven dried at a temperature of 105 °C for 48 h, and the dry weight was calculated using a sensitive electronic scale. The leaf area (LA) was determined by measuring the length and widest width of leaf with the help of a ruler and multiplying with a correction factor of 0.70. The leaf area was expressed in cm2.




2.3.6. Yield and Yield Components


Yield components, including number of grains per ear and thousand-grain weight, were recorded as per the standard procedure. Three plants were randomly chosen for grains per ear, and the average was worked out. For the thousand-grain weight, 100 seeds were randomly picked from grains of each treatment and multiplied by 10. Biomass and grain yield were recorded by harvesting six plants from three replicates of each treatment, and then they were converted to g per plant. The harvest index was expressed as a ratio of grain yield and biological yield in percent.





2.4. Statistical Analysis


The investigational data were structured and processed using Microsoft Excel and are presented as ± SD. A two-way analysis of variance (ANOVA) was carried out to find out the significant differences between the treatment means at p < 0.05 using Statistix 8.1 statistical software. Mean tables were prepared with standard error, and figures were made using Sigma plot 12.2.





3. Results


3.1. Effect of Melatonin on Plant Leaf Water Relations


Under normal conditions, the leaf relative water content (RWC)was 88.6%, dropping to 80.6% and 62.30% during mild and severe drought, respectively. The root application of MEL showed good performance in improving RWC, and a substantial increase of 82.1% was observed with 200 µM MEL during mild drought stress and 73.0% during severe drought stress, indicating the potential role of MEL during severe drought stress. A significant reduction occurred in leaf water uptake capacity (WUC) with MEL application under severe and mild stress (Table 1). Higher values of 1.71 and 0.66 were recorded with 0 µM under severe and mild drought stress, respectively, compared with 0.34 and 0.14 with 200 µM MEL application under corresponding stress. No obvious change occurred in the water saturation deficit (WSD) with MEL under the control plots; however, MEL application reduced WSD during drought stress (although 100 µM MEL enhanced WSD under mild stress more than 200 µM). Under no drought stress, the leaf relative saturation deficit (RSD) increased with the dose of MEL. However, the increase in RSD with MEL was more obvious; although the higher dose of 200 µM of MEL was less effective than 100 µM of under severe drought stress, suggesting that a lower dose has more potential to improve RSD content in maize leaves during severe drought stress (Table 1). The leaf water content (LWC) was lower (41.7%) in no-stress plots, and with MEL application, the LWC was substantially enhanced both in unstressed and stressed plants. However, the increase in LWC during both mild and severe drought stress was higher with increasing doses of MEL.




3.2. Effect of Melatonin on Plant Pigment


Plant pigment content, including chlorophyll a, chlorophyll b, chlorophyll a + b, and carotenoid, was directly affected as drought stress increased; however, treatment with melatonin enhanced plant pigment. Chlorophyll a significantly decreased with an increase in water drought under normal conditions. The chlorophyll a, b, a + b, and carotenoid content were higher than in the induced drought conditions. A significant improvement in chlorophyll a was recorded under MEL treatment of 200 µM, followed by 100 µM MEL. The drought stress and melatonin interaction indicated that both concentrations of 100 µM and 200 µM of MEL caused improvements in plant pigments, including chlorophyll a, chlorophyll b, and chlorophyll a + b, during water drought conditions. A MEL concentration of 200 µM significantly improved plant pigments under mild and severe drought conditions compared to 100 µM of MEL concentration (Figure 1A–C). The carotenoid content of the maize plant leaves significantly decreased as drought stress increased. Both MEL concentrations of 100 µM and 200 µM improved carotenoid content under mild as well in severe drought; however, MEL concentration of 200 µM showed a better increase in carotenoid content under mild and severe drought conditions compared with no MEL application under the same stress conditions (Figure 1D).




3.3. Response of MEL to Anti-Oxidant Activities and Proline Content


Drought and MEL resulted in a substantial effect on anti-oxidant activity and proline content in the maize. The interaction between MEL and drought stress was also found significant. MEL significantly improved plant anti-oxidant activity, including POD, CAT, and APX activity in the maize leaves under mild and severe drought conditions. POD activity was higher as MEL increased from 100 to 200 µM. However, the increase with 200 µM of MEL was not as substantial under mild stress compared with the severe drought stress (Figure 2A). The CAT activity was also greater with MEL application under both stress levels compared with no MEL, and 200 µM MEL stimulated greater CAT activity under mild and severe drought stress than 100 µM of MEL (Figure 2B). APX activity was greater with the application of 200 µM of MEL under severe drought stress than in mild drought stress (Figure 2C). Drought stress conditions enhanced proline content in maize leaves compared with normal conditions. The proline content was higher in maize with 200 µM of MEL during severe drought stress, followed by mild drought stress, whereas the 100 µM of MEL was equally effective as 200 µM during mild drought stress for proline accumulation (Figure 2D).




3.4. Effect of MEL on Maize Growth Traits during Drought Stress


The number of leaves per plant decreased with the increase in drought stress; however, MEL application to roots, prior to both lower and higher doses, enhanced the number of leaves in severe and mild drought stresses. The stem diameter, plant height, and leaf area of the maize were significantly reduced with the imposition of drought stress. Conversely, MEL application resulted in improved leaf areas, wider stems, and taller plants during both mild and severe drought stress; however, the stem diameter and plant height were not substantially improved with MEL application with both doses under severe drought stress. Leaf area was enhanced significantly with increasing MEL under no drought stress, as well as the number of leaves and plant height (Table 2). The root weight of the maize improved more after 100 µM MEL application under mild drought stress compared with severe drought stress and no stress. The stem and leaf weight also substantially reduced under drought stress conditions, and MEL application of 200 µM enhanced stem weight more under mild stress compared with severe drought stress and no drought stress. Leaf weight was significantly enhanced with 200 µM of MEL under both mild and severe drought stress, unlike under no stress, in which MEL did not alter the leaf weight. The overall plant weight significantly increased with 200 µM of MEL application under mild stress, which was statistically similar to the increase following 100 µM MEL application under severe drought stress (Table 2).




3.5. Yield Components with MEL Application under Drought Stress


Significant differences were noted in the yield components of the maize, including the grains per ear and thousand-grain weight, due to drought stress, MEL levels, and interactions between drought and MEL (Table 3). The number of grains per ear decreased with the increase in drought stress across all MEL levels. The application of MEL at a rate of 200 µM enhanced the number of grains per ear both in mild and severe drought stress; however, a greater increase was noted during mild drought stress than during severe drought stress. Ear weight was significantly reduced by drought stress, and increasing drought stress declined the ear weight of the maize, whereas MEL application did not influence ear weight. Interactions between MEL and drought stress were also found to be non-significant. The thousand-grain weight was also substantially reduced as drought stress increased, and severe drought stress resulted in the highest decrease in 1000-grain weight. Increasing the MEL application from 100 µM to 200 µM increased the thousand-grain weight of maize under mild and severe drought stress (Table 3).




3.6. Maize Yields and Water Productivity with MEL under Drought Stress


The maize grain and biological yields were negatively affected by drought stress, whereas water productivity was enhanced under drought stress. The grain and biological yields were reduced by 28% and 36% under mild drought stress and 47% and 59% under severe drought stress when compared with no-stress yields. After MEL application, water productivity enhanced by 13% under severe drought stress and declined by 2.5% under mild stress compared with no-stress yields. MEL application at a rate of 200 µM enhanced grain yield and biological yield by 31% and 32 % under mild stress and 38% and 29% under severe drought stress when compared with no-MEL plants in the respective drought stresses. MEL application at a rate of 100 µM also resulted in a higher maize yield and an increase in the grain and biological yield, which were 22 % and 17 % under mild stress and 32% and 16% under severe drought stress, respectively (Figure 3A,B). Water productivity was enhanced by 30.8% and 37.7% with MEL application at a rate of 200 µM, while the increase was 21.7% and 31.7% with 100 µM MEL under mild and severe drought stress, respectively, compared with no-MEL plants under the same drought stresses (Figure 3D). The harvest index of the maize was highest with MEL application at a rate of 100 µM under mild stress (6%) and severe drought stress (18%) compared with 200 µM and 0 µM MEL (Figure 3C).





4. Discussion


The world population is expected to reach up to 10 billion in 2050, creating a food security challenge. Additionally, environmental stresses, particularly drought, negatively affect plant growth and productivity globally, causing significant losses in crop yields [32,33]. There are various adaptive mechanisms evolved by plant crops to overcome crop yield loss under abiotic stress, particularly drought [34]. The current study provides direct evidence that MEL could enhance drought tolerance in maize, as it promoted greater leaf water status, chlorophyll and carotenoid contents, anthocyanin accumulation. And APX activity to detoxify the excess ROS. This could contribute to maintaining the photosynthesis and protective mechanisms, leading to a growth balance, drought stress response, and, could finally, affect plant biomass and grain productivity of maize under drought stress conditions. In detail, the positive effect of MEL application is found to enhance plant biomass in maize under normal and drought conditions. In the present study, the higher plant biomass found after MEL application indicated a reduction in the drought effect on maize, which was associated with the higher water status of leaves in MEL application. The higher leaf water status in MEL could result in the maintenance of photosynthesis during drought conditions [35]. Therefore, it might affect plant recovery and productivity. In support of this hypothesis, our data showed higher chlorophyll contents in MEL plants than those in the control during drought stress conditions. Melatonin is considered a vital plant growth regulator in abiotic stresses especially salt and drought stresses [36,37,38]. The present findings revealed that MEL pretreatment mitigated the adverse effects of drought stress on plant pigments and osmolyte accumulation in maize. Chlorophylls in chloroplasts have a crucial function in the photosynthesis system, which highly correlates with plant biomass and recovery and grain yield [39,40]. Under drought stress conditions, plants accumulate high levels of oxidative stress molecules, including ROS [36], which could directly damage chloroplasts, the most susceptible organelles to oxidative stress conditions [40]. In plants, carotenoid acts as an anti-oxidant to protect chlorophyll against oxidative stress, therefore, maintaining the chlorophyll content under stress conditions [41]. Our results showed that MEL application enhanced the carotenoid content during drought in maize, which could help plants against the chlorophyll degradation process, leading to the maintenance of higher chlorophyll contents in MEL-treated than water-treated plants. Therefore, the greater carotenoid content produced by MEL application contributed to enhancing drought tolerance in maize in this study.



The major sources of ROS during abiotic stress include ROS produced as a consequence of disruptions to metabolic activity and ROS produced as a signal as part of the abiotic stress response signal transduction network [42,43]. High concentrations of ROS are harmful to cells, yet, at low concentrations, they are remarkably essential signaling molecules for controlling stomatal movement to adapt to water deficits. In this study, we found that MEL application reduced ROS accumulation under drought, which supported drought tolerance in maize via the ROS-detoxification mechanism. The current study indicated that lower ROS accumulation in MEL resulted from the increased activity of the APX enzyme, which helps plants detoxify excess ROS under drought stress conditions. These data were supported by previous studies, which reported that applied copper compound nanoparticles increased the anti-oxidant systems, including peroxidase (POD), APX, and CAT activity [39,44,45]. In addition, Mel application enhanced proline content in maize during drought stress, suggesting that Mel affects the ROS-scavenging enzyme activity and elevates osmolyte content during the drought response in maize.



We also found that MEL applied at a rate of 200 µM enhanced the maize grain yield by 31% and 38%, the biomass by 32% and 29%, the thousand-grain weight by 12% and 19%, the grains per ear by 37% and 62%, and the harvest index by 2% and 18% under mild stress and severe drought stresses, respectively, compared with no MEL application in the corresponding drought stress. The enhancements in the yielding traits suggest that MEL plays a vital role in mitigating plant pigment damage, as well as osmolytes, and protein content in maize during drought stress. The improvement in maize growth and yield can also be explained as MEL maintaining comparatively greater leaf water content and improving the anti-oxidant system in the leaves during water stress; greater water content in the leaves led to lower ROS production and protecting plant pigments degradation [44,45,46,47,48].




5. Conclusions


Melatonin application was found to effectively enhance drought tolerance in maize by increasing the activity of anti-oxidant enzymes and the accumulation of osmolyte contents. Exogenous applications of MEL at rates of 100 and 200 µM were effective in enhancing RWC, plant growth attributes, proline content, and anti-oxidant activity, and stabilizing chlorophyll pigments during severe and mild drought stresses. These mechanisms are very important to sustain maize production in water deficit conditions. MEL application at 200 µM resulted in a 31% increase in grain yield during mild drought and 38% under severe drought stress, whereas the lower dose of MEL (100 µM) resulted in 22% and 32% maize seed yield and 21.7% and 31.7% under mild and severe drought stresses, respectively, suggesting that the lower dose was more economical for enhancing maize productivity compared with 200 µM, and hence, recommended under drought stress. Our current results revealed that melatonin pretreatment alleviated the inhibitory effects of drought stress on photosynthesis and biochemical traits, leading to enhanced tolerance in maize; this can be applicable to field application on a large scale during drought conditions.
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Figure 1. Changes in plant pigments, i.e., (A) Chl a; (B) Chl b; (C) Chl a + b; and (D) carotenoid content as affected by root application of MEL under drought stress. 100% FC represents no stress, 80% FC represents mild stress, and 60% FC signifies severe stress. Error bars represent standard error of replicates. ** represents significant difference at 1% level of probability. D represents drought stress levels, while MEL represents MEL Levels, and DxMEL is the interaction between both factors. 






Figure 1. Changes in plant pigments, i.e., (A) Chl a; (B) Chl b; (C) Chl a + b; and (D) carotenoid content as affected by root application of MEL under drought stress. 100% FC represents no stress, 80% FC represents mild stress, and 60% FC signifies severe stress. Error bars represent standard error of replicates. ** represents significant difference at 1% level of probability. D represents drought stress levels, while MEL represents MEL Levels, and DxMEL is the interaction between both factors.



[image: Agronomy 12 02398 g001]







[image: Agronomy 12 02398 g002 550] 





Figure 2. Changes in anti-oxidant activity (A) POD (µgg−1); (B) CAT(µgg−1); (C) APX (µgg−1); and (D) Proline content (µgg−1) as affected by rooting application of Melatonin under drought stress. 100% FC represents no stress, 80% FC represents mild stress, and 60% FC represents severe stress. Error bars represents standard error of replicates. ** represent significant difference at 1% level of probability. D represent drought stress levels, while MEL represents MEL Levels, and DxMEL is the interaction between both factors. 
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Figure 3. Changes in (A) grain yield; (B) biological yield; (C) harvest index; and (D) water productivity of maize with root application of MEL under drought. 100% FC represent no stress, 80% FC represents mild stress, and 60% FC represents severe stress. Error bars represent standard error of replicates. ** and * represents Significant at 1% and 5% level of probability, respectively. D represents drought stress levels, while MEL represents MEL Levels, and D x MEL is the interaction between both factors. 
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Table 1. Leaf relative water content (RWC%), water uptake capacity (WUC), water saturation deficit (WSD%), relative saturation deficit (RSD%), and leaf water Content (LWC%) of maize as affected by root application of MEL under drought stress. Values in parenthesis represent standard error of replicates.






Table 1. Leaf relative water content (RWC%), water uptake capacity (WUC), water saturation deficit (WSD%), relative saturation deficit (RSD%), and leaf water Content (LWC%) of maize as affected by root application of MEL under drought stress. Values in parenthesis represent standard error of replicates.














	Drought Stress
	MEL
	RWC (%)
	WUC
	WSD(%)
	RSD(%)
	LWC(%)





	100% FC

(No Stress)
	Control
	88.6 a
	0.24d
	11.4 f
	5.02 e
	41.7 d



	
	100 µM
	87.6 a
	0.19d
	12.4f
	7.53 d
	57.3 c



	
	200 µM
	89.0 a
	0.09d
	11.0 f
	7.55 d
	65.8 b



	80% FC (Mild stress)
	Control
	80.6 bc
	0.66c
	19.4 de
	7.99 d
	36.5 d



	
	100 µM
	79.0 c
	0.32d
	21.0 d
	12.57 c
	54.2c



	
	200 µM
	82.1 b
	0.14d
	17.9 e
	13.68 c
	73.2 b



	60% FC (severe stress)
	Control
	62.3 f
	1.71a
	37.7 a
	17.60 b
	35.2 d



	
	100 µM
	67.8 e
	1.11b
	32.2 b
	24.90 a
	69.8 b



	
	200 µM
	73.0 d
	0.34d
	27.0 c
	23.25 a
	82.0 a



	‡SOV
	DS
	**
	**
	**
	**
	**



	
	MEL
	**
	**
	**
	**
	**



	
	DS × MEL
	**
	**
	**
	*
	**







** and * represents Significant at 1% and 5% level of probability, respectively. ‡SOV represents source of variance. (a–e) Means in columns followed by different letters are significantly different from each other at 5%level of probability using LSD test.
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Table 2. Different growth traits of maize as affected by rooting application of MEL under drought stress. Values in parenthesis represent standard error of replicates.
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	Drought Stress
	Mel
	Leaves Number
	Stem Diameter
	Plant Height
	Leaf Area





	100%FC
	Control
	10.2 ab(±0.6)
	1.1b–d (±0.06)
	52.5 a (±1)
	146.9 c (±7.9)



	
	100µM
	10.5 ab (±0.3)
	1.2a–c (±0.06)
	48.3 ab (±1.5)
	149.2 bc (±3.1)



	
	200µM
	10.5 ab(± 0.3)
	1.2ab (±0.07)
	47.0 a–c (±2.2)
	163.6 ab (±4.6)



	80%FC
	Control
	10.0 ab (±0.3)
	1.1b–d (±0.04)
	43.2 b–d(±0.0)
	128.7 de(±2.2)



	
	100µM
	11.0 a (±0.6)
	1.2abc (±0.04)
	45.1 ac(±1.8)
	159.9 bc (±0.5)



	
	200µM
	11.0 a (±0.6)
	1.3a (±0.03)
	52.1 a(±2.2)
	175.4 a (±7.1)



	60%FC
	Control
	8.0 d (±0.6)
	1.0d (±0.03)
	36.8 e(±0.7)
	102.3 f (±6.3)



	
	100µM
	9.0 c(±0.01)
	1.1cd (±0.03)
	41.9 c–e(±3.7)
	114.8 ef (±5.5)



	
	200µM
	9.5 bc(±0.3)
	1.1cd (±0.0 3)
	38.1 de(±2.9)
	129.7 d (±1.0)



	‡SOV
	DS
	**
	**
	**
	**



	
	MEL
	**
	**
	**
	**



	
	DS×MEL
	**
	**
	**
	*



	Drought stress
	Mel
	Root Weight
	Stem Weight
	Leaf Weight
	dry Matter

(g plant−1)



	100% FC
	Control
	7.5 c (± 0.3)
	21.9 ab (±4.6)
	21.0 bcd(±0.1)
	50.4 a (±8.7)



	
	100 µM
	8.0 c (±0.2)
	23.5 ab (±1.6)
	24.8 ab (±2.1)
	56.3 a (±7.0)



	
	200 µM
	7.2 c (± 0.2)
	19.5 abc (±2.5)
	22.5 bc (±1.9)
	49.2 a (±1.3)



	80% FC
	Control
	5.9 d (±0.1)
	17.9 bcd (±1.2)
	19.3 cd (±1.1)
	43.1 b (±4.0)



	
	100 µM
	9.6 b(±0.3)
	22.3 ab (±4.4)
	25.6 ab (±3.1)
	57.5 a (±10.3)



	
	200 µM
	7.2 c (± 0.6)
	26.6 a (±2.0)
	26.5 a (±2.3)
	60.3 a (±5.8)



	60% FC
	Control
	6.8 c (± 0.3)
	11.4 d (±1.6)
	13.4 e (±0.1)
	31.6 b (±5.3)



	
	100 µM
	7.2 c (±0.1)
	13.9 cd (±1.8)
	15.7 d (±1.2)
	36.8 b (±5.1)



	
	200 µM
	7.6 c (±0.3)
	12.5 cd (±0.1)
	15.9 d (±1.7)
	36.0 b (±2.2)



	‡SOV
	DS
	**
	**
	**
	**



	
	MEL
	**
	**
	NS
	**



	
	DS × MEL
	**
	**
	**
	*







** and * represents Significant at 1% and 5% level of probability, respectively. ‡SOV represents source of variance, and values in parenthesis represent standard error of replicates. (a–c) Means in columns followed by different letters are significantly different from each other at 5%level of probability using LSD test.
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Table 3. Ear weight, grains ear−1, and thousand-grain weight of maize as affected by root application of melatonin under drought stress. Values in parentheses represent standard error of replicates.
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	Drought stress
	MEL
	Grains Ear−1
	Ear Weight
	Thousand-Grain Weight (g)





	100% FC
	Control
	75.0 (±1.16)
	57.7 (±0.48)
	241.9 (±4.2)



	
	100 µM
	99.7 (±0.89)
	58.3 (±0.53)
	245.5 (±4.8)



	
	200 µM
	144.7 (0.33)
	57.2 (±65)
	249.3 (±6.2)



	80% FC
	Control
	80.3 (±0.43)
	50.5 (±0.32)
	217.2 (±4.8)



	
	100 µM
	109.3 (±0.83)
	52.7 (±0.91)
	223.0 (±1.3)



	
	200 µM
	127.3 (±1.02)
	53.4 (±0.55)
	252.1 (±5.6)



	60% FC
	Control
	23.7 (±1.86)
	44.5 (±0.52)
	203.4 (±4.9)



	
	100 µM
	35.0 (±0.90)
	42.6 (±0.49)
	212.7 (±3.8)



	
	200 µM
	61.7 (±0.53)
	40.3 (±0.71)
	252.0 (±4.4)



	‡SOV
	DS
	**
	**
	**



	
	MEL
	**
	ns
	**



	
	DS × MEL
	**
	ns
	**







** represents Significant at 1% level of probability, respectively. ‡SOV represents source of variance, and values in parentheses represent standard error of replicates.
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